ABSTRACT
The main expansion of the Dutch road network took place during the decades following the 3 Second World War. The bridges built in this era are reaching the end of their originally devised 4 service life. Moreover, they were designed for the live loads of that era. 5
A large subset of the Dutch bridge stock consists of reinforced concrete solid slab 6
bridges. This bridge type often rates insufficient for shear according to the recently introduced 7
Eurocodes. The reason for these low ratings is that, on one hand, the prescribed live loads from 8 NEN EN 1991 -2:2003 (1) are heavier than from the old Dutch code, and that, on the other hand, 9 the shear capacity according to NEN EN 1992 -1-1:2005 is smaller than according to the 10 previously used Dutch code. The fact that reinforced concrete slab bridges rate insufficient for 11 shear does not directly imply that these bridges are on the brink of collapse, and that there is a 12 danger for the traveling public. Instead, it means that more suitable methods for assessing 13 reinforced concrete slabs for shear need to be developed to help transportation officials make 14 informed decisions about the safety and remaining life of the existing bridges. 15
An important aspect for slabs subjected to concentrated live loads is the ability of the slab 16 to distribute stresses in the transverse direction, which increases its shear capacity (3). This 17 mechanism is neglected by the code provisions, which were developed for beams. For slabs, 18 however, better methods can be developed.
19
For existing bridges in the Netherlands, a guideline for the assessment is available. This 20 guideline is called the "Richtlijnen Beoordeling Kunstwerken (Guideline Assessment Bridges)", 21 abbreviated as RBK (4). Different safety levels for assessment are prescribed, which use 22 different load factors, related to different reliability indices β and reference periods. Depending 23 on the safety level a structure fulfils in its rating, the owner has to take certain measures. 24
LITERATURE REVIEW 25 26
A bridge can be suitable for field testing for a number of reasons, such as: 27
 sufficient information about the bridge is lacking (e.g. structural plans) to carry out a 28
proper assessment (5), 29
 the reduction in structural capacity caused by material degradation from processes such 30 as corrosion or alkali-silica reaction is unknown, 31
 an assessment shows insufficient capacity but additional capacity can be expected, … 32
Two types of field tests can be carried out: diagnostic load tests, which are used to verify if the 33 bridge's behavior is as predicted by a model, or proof load tests, which demonstrate that a given 34 bridge can carry a certain load level.
35
Diagnostic load testing (6-8) can be used on new bridges to verify the design assumptions 36 and is particularly useful for atypical bridges. Some countries, such as Italy (9) indicate when a threshold for damage is exceeded. Increasing the load past a stop criterion could 6 cause irreversible damage in the structure, which is not acceptable for nondestructive load 7 testing. 8 9
10
FIGURE 1 Truncation of probability density function of resistance after proof load test, 11 based on (14). 12 13 14
OVERVIEW OF PROOF LOAD TESTS IN THE NETHERLANDS 15
Introduction to proof load tests 16 17
In the Netherlands, a number of existing reinforced concrete slab bridges have been proof 18 loaded, and one bridge has been tested to collapse. Bridges with and without material damage 19 were tested. Three bridges had damage caused by alkali-silica reaction (ASR), which results in 20 very small values for the uniaxial tensile strength of the concrete (21), which resulted in 21 discussion about the effect of ASR-damage on the shear capacity of existing bridges. 22
Experiments from the literature sometimes indicated a reduction in the shear capacity (22), 23 whereas other experiments indicated an increase in the shear capacity (23). The increase in 24 capacity can be explained by the fact that the restraint of the ASR-induced expansion of the 25 member creates a compressive force, like prestressing, on the cross-section. Given the 26 uncertainties on the behavior, and how to model the behavior, proof load testing was used and 27 not diagnostic load testing. Moreover, to calibrate models together with a diagnostic load test, it 28 is useful to measure strain distributions over the height. For reinforced concrete slab bridges, 29 which are solid structures, this type of measurements is not possible without drilling a hole for 30 applying the sensors, thus damaging the structure. 31
The pilot bridges were heavily instrumented. More sensors were applied than strictly 32 necessary to study the stop criteria from the German guideline (18) material damage caused by ASR, so that the calculated shear capacity of the structure was 10 insufficient. The critical position for shear was estimated at 3.5d l from the support (with d l the 11 effective depth to the longitudinal reinforcement). In the proof load test, the load was applied 12 with hydraulic jacks in a loading frame anchored to the substructure of the bridge, and the load 13 was applied with a hand pump, so that the loading speed could not be controlled. Three load 14 Lantsoght, van der Veen, de Boer and Hordijk 6 TRB 2017 Annual Meeting cycles were applied per load level, and load levels in increments of 50 kN (11 kip) were used. 1
The maximum applied load was 640 kN (144 kip). The final conclusion of the test was that the 2 viaduct can be qualified as a "Class 30" (for vehicles of 30 tonnes (metric tons) = 33 US standard 3 tons). 4
The next proof load test was on the viaduct Medemblik in 2009 (26) , where the BelFa 5 ("Belastungsfahrzeug" = Loading vehicle) from Germany was used, see FIGURE 3a. This 6 viaduct was a girder bridge, with material damage (concrete spalling) caused by corrosion of the 7 reinforcement. With the proof loading truck, five positions to study shear, punching, and bending 8 moment were tested in two spans. The maximum applied load was 545 kN (123 kip). The result 9 of the load test and analysis was a proposal to reduce the use of the bridge to one lane, and post it 10 for maximum 30 tonnes (33 tons). 11 12
Viaduct Vlijmen-Oost 13 14
For the proof load test on the viaduct Vlijmen-Oost (27) For this experiment, the load was applied on a steel spreader beam, resting on the 11 supports of the bridge. The bridge deck is loaded with hydraulic jacks in a gradual manner. 12
When the jacks are not in extended, no load is applied on the bridge, and the load of the 13 counterweights is carried directly into the substructure. When the jacks are extended, the slab is 14 loaded, and the testing can take place. The loading system can be seen in FIGURE 3b. 15
Based on previous assessment calculations of the bridge, it was determined that a load of 16 850 kN (191 kip) would be necessary to prove sufficient safety at the RBK reconstruction level. 17
The maximum applied load was 900 kN (202 kip For this experiment, the load was again applied with the system of a steel spreader beam, 27 as shown in FIGURE 3b. Since the Ruytenschildt Bridge could be tested until collapse, a number 28 of topics could be studied and used to improve the proof load testing methods: the failure 29 mechanism was studied, the collapse load was studied in relation to the maximum load that 30 would be necessary in a proof loading test, the measurements were carefully analyzed, and the 31 results at the ultimate were used to confirm a plastic assessment method (Extended Strip Model 32 (31)) developed based on slab shear tests (3). Two spans were tested. For both spans, the face of the first axle was placed at 2.5d l from 1 the face of the support (with d l the effective depth to the longitudinal reinforcement), as this 2 position was found to be the critical position for shear in the slab shear tests. A shear-critical 3 position was chosen, because of the concerns with regard to the shear capacity of reinforced 4 concrete slab bridges in the Netherlands. In the first span, the maximum load applied on the 5 design tandem was 3049 kN (685 kip) and failure could not be achieved for a lack of 6 counterweights. For the test in the second span, more ballast blocks were ordered, and the 7 maximum load was 3991 kN (897 kip). The failure mode was a combination of excessive 8 settlement of the pier and yielding of the reinforcement resulting in large flexural cracking. The 9 loading scheme of both experiments is shown in FIGURE 4. 10
To approve the Ruytenschildt Bridge for sufficient bending moment capacity or sufficient 11 shear capacity according to the live load model 1 from NEN-EN 1991-2:2003 (1), the maximum 12 loads on the proof loading tandem as given in For shear, the critical position of the loading tandem was taken as a face-to-face distance 4 of 2.5d l (with d l the effective depth to the longitudinal reinforcement) between the support and 5 the first axle. The peak shear stress was distributed over 4d l (33) to find the governing shear 6 stress. The required load on the proof load tandem to have the same governing shear stress as 7 caused by the live loads from the code was then determined. The determination of the required 8 proof loads for shear and bending moment was carried out for the different RBK safety levels. 9
The maximum load in the bending moment test was 1368 kN (308 kip additional measurements were performed by applying strain gages on the bottom steel 28 reinforcement, to study the transverse distribution of stresses. 29
The maximum applied proof load in the bending moment test was 1751 kN (394 kip) and 30 1560 kN (351 kip) in the shear test. These load levels correspond, for the first span, to a level of 31 RBK Design (β = 4.3 for a reference period of 100 years) + 6% for the bending moment and 32 RBK Design + 2% for shear. 33
The difficulty in the assessment of viaduct De Beek was that only the first span was proof 34 loaded, because this span is not directly above the highway, whereas the second span had the 35 lowest ratings. To extrapolate these results to the second span, which had only 2/3 rd of the 36 bending moment reinforcement of the first span, an analysis using plastic redistribution was 37 used. Moreover, the distributed live loads were reduced to correspond to the actual lane widths 38 and the RBK Usage level was used (β = 3.3 for a reference period of 30 years). Allowing plastic 39 redistribution, in line with the large crack widths observed in the second span of the viaduct De 40
Beek, does not guarantee the durability of the structure. Regular inspections, particularly to 41 check for signs of corrosion, are recommended. 42 43
RECOMMENDATIONS FOR PROOF LOAD TESTS 1
Recommendations for the preparation 2
Preliminary inspection and rating

4
The first step in the preparation of a proof load test is an inspection of the bridge. In a visual 5 inspection, changes to the structure from the original plans can be determined, such as widening 6 of the original structure, changes to the lane layout, or increases in the thickness of the wearing 7 surface. Signs of deterioration at the bearings and joints need to be studied, and cracking needs to 8 be analyzed. 9
Typically, a structure that has been identified for proof loading has already been rated. If 10 a rating report is not available, these calculations have to be performed. To make sure the proof 11 load test can be executed safely, the capacity at the ultimate limit state in shear, punching, and 12 bending moment need to be determined as well. 13 14
Determination of position and magnitude of proof load
16
Once it is determined that the original plans of the structure are still valid, or once the significant 17 changes have been noted, a linear finite element model of the bridge can be made. First, the 18 governing load combination is applied to this model. In the Netherlands, the combination 19 consists of self-weight, superimposed dead load, and distributed and concentrated live loads from 20 Eurocode live load model 1. The load factors depend on the considered safety level from the 21 RBK (4). 22
To find the critical position for bending moment, the design tandems (concentrated live 23 loads) are moved in their respective lanes until the maximum average sectional moment over a 24 width of 3 m (9.8 ft) is found. The live loads are then removed and replaced with the four wheel 25 prints of the proof load tandem, which is placed at the critical position in the outermost lane. On 26 the proof load tandem no load factor is used. The magnitude of the proof load is increased until 27 the same sectional moment over 3 m (9.8 ft) is found as for the live load model from the code. 28
The proof load is determined for the different prescribed safety levels. 29
For a proof load test for shear, the critical position is taken at 2.5d l between the face of 30 the first axle and the support. First, the loads according to the code are applied, with the design 31 tandem at 2.5d l from the face of the support. The sectional shear for this configuration over 4d l is 32 determined. Then, the factored live loads (distributed and concentrated loads) from the code are 33 removed, and the unfactored proof load tandem is applied. The magnitude of the proof load to 34 create the same sectional shear over 4d l as the loads prescribed by the code is then determined 35 for the different prescribed safety levels. 36 37
Sensor plan 38 39
Before developing a sensor plan, it is necessary to determine which measurements are necessary. 40
For a full analysis of a reinforced concrete slab bridge, the following load effects should be 41 measured: 42  deflection profiles in the longitudinal and transverse direction; 43  deflections at the supports; 44  strain on the bottom of the cross-section; 45  reference strain measurement to correct for the effect of temperature; 46 TRB 2017 Annual Meeting  opening of existing cracks; 1  opening of new cracks, provided that sensors can be applied during the test. 2
Load cells need to be used to measure the applied load, and to link the measurements of the load 3 and the bridge's response. To select the necessary sensors for each of the selected load effects, it 4 is important to estimate the required measurement range prior to the test. 5 6
Recommendations for the execution 7
Loading protocol 8 9
As a proof load test involves high loads, it is necessary to have a controlled loading protocol, so 10 that the test can be stopped if signs of distress are observed on the structure. To study nonlinear 11 behaviour of the structure, a cyclic loading protocol is recommended. At least four load levels 12 are recommended (based on the safety levels prescribed for existing structures in the After the proof load test, the measurement data need to be analysed. Corrections to the measured 9 displacement profiles for the displacements at the supports, and to the strains for the effect of 10 temperature need to be made. The data need to be evaluated to see if the performance of the 11 structure was within the previously prescribed limits. These limits were already evaluated during 12 the load test as part of monitoring of the measurements, but need to be properly calculated and 13 reported after the proof load test. 14 15
Evaluation of finite element model 16 17
Prior to the proof load test, a linear finite element model is made to determine the required 18 position and magnitude. This finite element model is also used for the rating of the bridge prior 19 to the load test. 20
The role of the finite element model is not as large in a proof load test as in a diagnostic 21 load test. In a diagnostic load test (7), the difference between the finite element model and the 22 measurements can be used to update the rating of the structure. In a proof load test, the rating is 23 complete and sufficient when the structure can withstand the required proof load. Nonetheless, it 24 is recommended to revisit and evaluate the finite element model, and update the model with the 25 measurements.
27
Analysis for practice 28 
29
The simplest way of carrying out a proof load test, is by keeping the sensor plan as simple as 30 possible, by limiting the numbers of load cycles, and by standardizing the post-processing. In 31
The Netherlands, research is carried out to see if such a "quick and easy" method can be 32 developed for proof load tests on existing solid slab bridges, so that these tests can be carried out 33 by contractors following a standard protocol. This task is not easy, because the risks associated 34 with the high loads are significant, and sufficient measurements need to be available to make 35 sure no permanent damage is caused. FIGURE 3a) are limited, and typically the high required loads for a proof 6 load test cannot be attained with a loading vehicle. Other methods, such as the application of a 7 load spreader beam and counterweights then need to be used (see FIGURE 3b ). This approach, 8 however, is slower than driving a loading vehicle onto the structure. For other positions of the 9 proof load tandem, more time is needed to move the setup, whereas driving a loading vehicle to 10 another position takes less time. 11
From the perspective of proving a certain reliability level and associated reference period, 12 the approach from the Netherlands based on equivalent sectional shears or moments is 13 recommended. Moreover, if a full probabilistic analysis is made, a higher proof load will give 14 more information. Consider FIGURE 1: reaching a certain sectional shear or moment during a 15 load test means that the capacity is equal to or larger than the achieved capacity. The smaller 16 capacities can thus be left out from the probability density function. To determine the probability 17 of failure and the reliability index, the region where the load effects are larger than the capacities 18 is studied. When the probability density function of the capacity is changed after a load test as 19 shown in FIGURE 1, the probability of failure decreases and the reliability index increases. This 20 effect becomes larger as larger proof loads are used, which gives another argument for applying 21 larger loads during proof load tests. 22
The ultimate goal of the research is to develop a guideline for use by the industry to carry 23 out proof load tests on reinforced concrete slab bridges, equipped with only the minimum 24 necessary sensors. For this purpose, further research is needed to determine which measurements 25 need to be used. Moreover, since the loading speed and number of used cycles have an effect on 26 the stiffness of the bridge because of the time-dependent behavior of concrete, more research is 27 needed to find out which loading speed and protocol needs to be prescribed, and what the limit 28 values for the measurements should be. Additionally, the presented work can fit within the 29 framework for structural identification of constructed systems (St-ID) (35).
30
At this moment, sufficient knowledge about ductile failure modes is available to develop 31 guidelines. However, more research is needed for brittle failure modes. For the shear tests, the 32 option of using the results of acoustic emission measurements is explored. 33 34  35 Two methods to experimentally investigate the adequacy of existing bridges are diagnostic load 36 tests and proof load tests. This paper focused on proof load tests, applied to reinforced concrete 37 slab bridges. This bridge type is under discussion in the Netherlands because of its low ratings. 38
SUMMARY AND CONCLUSIONS
For bridges with material damage, or when sources of additional capacity cannot directly be 39 determined analytically, proof load testing can be used to demonstrate that the bridge can carry a 40 certain load. 41 Over the past decade, a number of proof load tests have been carried out in the 42
Netherlands. Bridges with and without material damage were studied. Material damage caused 43 by alkali-silica reaction and reinforcement corrosion was present. For the bridges with alkali-44 silica reaction damage, the expected shear capacity was very low, since the tested uniaxial tensile 45
